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Introduction 18
The possibility to learn during sleep has intrigued humanity for over a century. In his 19 1911 science fiction novel "Ralph 124C 41+", Hugo Gernsback describe the 20
Hypnobioscope, a device that transmits words directly to the sleeping brain such that 21 they would be fully remembered in the next morning. However, decades of scientific 22 attempts to teach sleeping humans new information have been mostly ineffective, 23 and led to the conclusion that humans cannot learn novel verbal information in sleep 24 To elucidate the brain activity supporting novel associative learning during sleep we 4 measured behavioural and electrophysiological responses during partial-5 reinforcement auditory-olfactory conditioning in NREM and REM sleep (Fig. 1 ). On 6 reinforced learning trials, each tone (400Hz or 1200Hz) was paired with either a 7 pleasant or an unpleasant (aversive) odour. On non-reinforced learning trials, a tone 8 was presented without an ensuing odour, enabling the measure of learning without 9 the interference of odour. Learning was evaluated by the sniff-response, a change in 10 nasal airflow in response to an odour, where unpleasant odours drive smaller sniffs 11 than pleasant odours. We have previously shown that sleeping participants that 12 learned theses tone-odour associations subsequently modulated their sniffs in 13 response to tones alone. Moreover, both during sleep and subsequent morning the 14 tone-induced sniffs differed according to the odour valence associated with the tone 15 during sleep indicating that sleeping humans can learn to associate a specific odour 16 with a specific tone (Arzi et al., 2012). . 17 18 We focused our investigation on the main brain sleep rhythms associated with 19 memory (Diekelmann & Born, 2010; Stickgold, 2005 First, we set out to identify electrophysiological brain activity mediating novel 10 associative learning during sleep. We analysed EEG activity of 549 non-reinforced 11 trials collected from 35 participants during NREM sleep, and 206 non-reinforced 12 trials collected from 14 participants during REM sleep. We found higher power 13 following a tone alone previously paired during sleep with an unpleasant odour (CSu) 14 than following a tone alone previously paired during sleep with a pleasant odour 15 (CSp), in delta (Wilcoxon signed-rank test z(34) = 2.51, p = 0.01, effect size r = 0.42, 16 BF = 9.23; Figure 2a ,c,e) and sigma (Wilcoxon signed-rank test z(34) = 2.2, p = 17 0.03, effect size r = 0.37, BF = 2.41; Fig. 2a ,c,f) in NREM sleep. However, contrary to 18 our hypothesis, we found no differences between CSu and CSp in theta power 19 following conditioning in REM sleep (Wilcoxon signed-rank test p = 0.39, BF = 0.98 20 Figure 2b ,d,g). These findings suggest that newly acquired associations learned in 21 sleep shape learning-related slow waves and spindles during NREM sleep, but 22 provide no evidence for learning-related theta modulation in REM sleep. 23
24
To address the possibility that participants showing arousal events or awake periods 25 during learning in NREM sleep skewed these findings, we cropped the data at the 26 first point of arousal during a reinforced trial. Repeating the analysis on the cropped 27 data with 282 non-reinforced trials from 32 participants retained the same effect in 28 delta (Wilcoxon signed-rank test z(30) = 3.2, p = 0.002, effect size r = 0.56, BF = 29 198.47; Fig. 3a , one outlier was excluded) and sigma (Wilcoxon signed-ranks z(31) = 30 2.9, p = 0.004, effect size r = 0.51, BF = 20.19; Fig. 3b ), confirming that it is learning during sleep and not during arousals from sleep that modulated the tone-induced 1 brain activity. 2 3 To verify that the observed higher power for CSu in comparison to CSp in delta and 4 sigma frequency bands is driven by the learning process and not merely reflect a 5 differential response to the pitch of the tones, we re-divided the trials according to 6 pitch (400Hz or 1200Hz), regardless of odour quality previously paired with tones in 7 sleep. We found reliable evidence for a lack of differences both in delta and sigma 8 power (Delta: Wilcoxon sign-rank test z(34) = 0.33, p > 0.74, effect size r = 0.06, 9 evidence supporting the null BF = 0.15, Fig. 3c ;Sigma: Wilcoxon sign-rank test z(34) 10 = 0.09, p > 0.92, effect size r = 0.02, evidence supporting the null BF = 0.3, Fig. 3d ), 11
suggesting that the newly learned tone-odour associations, and not the tones' 12 physical properties, modulate tone-induced EEG response in NREM sleep. 13
Altogether, these findings support the hypothesis that the plastic processes occurring 14 during novel conditioning in sleep are associated with slow waves and spindles 15 activity in NREM sleep. 16
17
Next, we tested whether the ability to learn new associations in sleep is linked to 18 learning-related brain activity in sleep. The learning was measured by the sniff-19 response, a tone-induced change in sniff volume indexing expectation of an odour. 20
We have shown before that novel tone-odour associations learned in NREM sleep 21 but not in REM sleep were later retrieved during the subsequent morning (Arzi et al., 22 2012). Hence, we hypothesised that learning-related EEG activity in NREM sleep, 23 but not in REM sleep, would predict the learning-related sniff-response during the 24 subsequent morning. We found positive associations between tone-induced delta 25 power in NREM sleep and sniff-response during the subsequent morning for CSu 26 (r spearman = 0.38, p = 0.034, BF = 2.46; Fig. 4a ) and CSp (r spearman = 0.54, p = 0.002 27 BF = 80.19; Fig. 4b ). These results reflect higher the delta power greater the 28 reduction in sniff volume. In addition, no association was found between CSu-CSp 29 difference in delta power and CSu-CSp difference in sniff-response (r spearman = 0.16, 30 associations were found between tone-induced sigma power in NREM sleep or theta 1 power in REM sleep and learning-related sniff-response in the morning 2 ( Supplementary Fig. 2) . 3 4 Subsequently, we tested whether tone-induced delta power was associated with the 5 sniff-response during the learning process in sleep. We found a negative correlation 6 between tone-induced delta power and sniff-response in NREM sleep for CSu 7 (r spearman = -0.48, p = 0.005, BF = 15.92; Fig. 3c ), but not for CSp (r spearman = 0.18, p = 8 0.3 BF = 0.5; Fig. 3d ), suggesting that the aversiveness of the unpleasant odour 9 promoted a more prominent learning(Lipp, Sheridan, & Siddle, 1994; Pittino, Kliegl, & 10 Huckauf, 2017). 11 12 Intriguingly, the direction of the delta-sniff correlation reversed between sleep and 13 the morning. To examine the dynamics of the learning behaviour and neural activity, 14
we tested whether the relation between the tone-induced delta and the sniff-15 response differed between NREM sleep and the following morning. We found that 16 delta-sniff correlation was significantly different between the two states for both CSu 17 and CSp (base on bootstrapping of correlation coefficient pairs with 10,000 18 permutations, CSu: p = 0.0002, CSp: p = 0.0012). Notably, the behavioural 19 responses (sniff-response in NREM sleep and morning) were not associated, (CSu: 20 r spearman = -0.06, p = 0.73, BF = 0.37; CSp: r spearman = 0.001, p = 0.99, BF = 0.31). The 21 significant change in relation tone-induced delta and the sniff-response between 22 sleep and morning implies that further consolidation processes occur after the 23 learning procedure has ended. 24
25
Last, we found the same patterns of results when repeating the analyses including 26 data from conditioning during NREM sleep-only ( Supplementary Fig. 3 ), confirming 27 that effects are driven by learning acquired during NREM sleep and not by 28 interaction between learning in different sleep stages. In this study, we set out to elucidate the brain processes involve the ability to learn 2 new information during sleep. We hypothesised that novel associative learning 3 during sleep would elicit learning-related delta and sigma changes during NREM 4 sleep, and theta modulation during REM sleep. We found that learning entirely new 5 auditory-olfactory associations during NREM sleep modifies learning-related delta 6 and sigma power. These findings support our hypothesis that sleep-learning 7 modulate slow waves and spindles, and dovetail nicely with memory consolidation 8 In addition, we found that learning-related delta power was directly linked to learning 1 behaviour. During NREM sleep, learning-related delta power negatively correlated 2 with the sniff-response for aversive memory, but not for non-aversive memory. A 3 possible explanation for this dissociation could be that the aversiveness of the 4 unpleasant odour promoted more prominent learning. Indeed, several studies 5 showed that conditioning with aversive stimuli induced greater responses (Lipp et al., The experimenters observed the real-time polysomnography reading and, after they 30 determined that the subject had entered the desirable sleep stage, they initiated the 31 experimental protocol. The conditioned and unconditioned stimuli were partially 32 reinforced at a ratio of 2:1; on reinforced trials (two-thirds of trials), each 1-s auditory 1 conditioned stimulus (either 1,200 Hz or 400 Hz) was triggered by inhalation and 2 paired with a 3-s olfactory unconditioned stimulus (either pleasant or aversive 3 unpleasant). On non-reinforced trials (one-third of trials), a tone was generated 4 without an odorant (tone alone). Stimuli were generated in blocks of six trials (two 5 reinforced trials with pleasant odour, two with unpleasant odour and two non-6 reinforced trials, one of each tone, randomized between blocks). Tone-odour 7 contingencies were counter-balanced across participants. The conditioned response 8 was measured by the sniff-response magnitude to tones alone. During wakefulness 9 the sniff-response can be conditioned to a tone such that different tones can drive 10 different sniffs (Resnik et al., 2011) . Therefore, the sniff-response was chosen to be 11 the conditioned response in this experiment. In the first experiment (28 participants), 12 in a night without arousals/wakes within a window of 30 s from tone onset, five 13 blocks were presented in NREM sleep, then the procedure was halted up to stable 14 REM sleep, at which point an additional five blocks were presented. In a second 15 experiment, the procedure was triggered during either NREM sleep only (15 16 participants) or REM sleep only (12 participants). If an arousal/wake was detected in 17 the ongoing polysomnographic recording, the experiment was immediately stopped 18 until stable sleep was resumed and then continued up to a maximum of 18 blocks. 19
Because the experiment was halted following arousal or wake, different subjects had 20 different numbers of trials. About half an hour after spontaneous morning wake, 21 conditioned response was tested in a retention procedure: three auditory stimuli, 22 1,200 Hz and 400 Hz that were presented during the night, and a new 800-Hz tone 23 (eight repetitions each), were presented while nasal respiration was recorded. We normalized the nasal inhalation volume during sleep by dividing the sniff volume 7 in each trial by the block baseline (averaged volume of 15 nasal inhalations 8 preceding block onset). We normalized the nasal inhalation volume in the wake 9 retention paradigm by dividing the sniff volume for each tone by the baseline nasal 10 inhalation volume (averaged volume of 15 nasal inhalations preceding retention 11 procedure onset). The sniff response was calculated as 1 -normalized sniff volume. 12
Participants' sniff-response differing by 3.5 s.d. were excluded (two participants at 13 night and one in the morning in the CSu condition). 14 15 EEG analysis. 16 EEG activity was recorded from C3 and C4 electrodes. Visual inspection found that 17 C3 was less noisy and therefore data recorded from this electrode was used for the 18 EEG time-frequency analysis. Trials with EEG artefacts within a 10-second window 19 before or after tone onset were excluded. EEG spectral analysis in the 0.5-40 Hz 20 frequency range for all non-reinforced trials that met study criteria was conducted 21
using Hilbert transform on a 10-second window before and after tone onset using 22 customized MATLAB scripts. The power in each 20-second trial was then z-scored. 23
Non-reinforced trials from the same participant were then averaged to create a single Oostenveld, 2007) in order to determine bandwidth and timing of significant changes 1 in a 5-second window of interest from tone onset, compared to an earlier baseline 2 window of 5-second pre-tone onset (-5500 ms to -500 ms pre-tone onset). Based on 3 the cluster boundary in each frequency band of interest (delta (0.5-4 Hz), sigma (11-4 16Hz) and theta (4-8 Hz)), a times-of-interest (TOIs) window was determined. In 5 NREM sleep, delta TOI was 1-3881 ms from tone onset, and sigma TOI was 673-6 2401 ms from tone onset ( Supplementary Fig. 1a ). In REM sleep, theta TOI was 7 303-1238 ms from tone onset ( Supplementary Fig. 1b ). Last, power in each 8 frequency band of interest was calculated by averaging the values in the time-9 frequency window of interest per condition. awake following conditioning in NREM sleep (p = 0.006; W = 0.94) and in REM sleep 28 (p = 0.006; W = 0.88) failed to meet the normal distribution criteria for parametric 29 testing. Thus, non-parametric statistics were applied. Differences in tone-induced 30 EEG response between conditions were estimated using Wilcoxon signed-rank two-31 sided test for dependent samples (Wilcoxon, 1945) . Effect size for non-parametric test r, was calculated by dividing the Z statistics of the Wilcoxon signed-rank test by 1 the square root of the number of participants. Spearman correlation were used to 2 estimate the degree of association between tone-induced EEG response and sniff-3 response. Comparisons between correlations was estimated using a bootstrapping 4 procedure with 10000 repetitions. Bayes Factors of the null and alternative 5 hypothesis were calculated using Bayes factor calculator (Dienes, 2014) 6 (http://www.lifesci.sussex.ac.uk/home/Zoltan_Dienes/inference/Bayes.htm). For the 7 EEG power alternative hypothesis tests, Bayes Factors were calculated using a half-8 normal distribution with a standard deviation of half the maximum observed power. 9
For the EEG power null tests Bayes Factors were calculated using a uniform 10 distribution of between zero and the maximum-effect. For the association tests, 11
Bayes Factors were calculated using a half-normal distribution with a standard 12 deviation of 0.5, which was Fisher's z transform to 0.549. Correction for multiple 13 comparison was done using false discovery rate (FDR) correction. For EEG power 14 analysis between CSu and CSp significance threshold was corrected for the number 15
of frequency bands that were tested (delta, sigma and theta frequency). For 
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